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Precision mass measurements of 58−63Cr: nuclear collectivity towards the N=40 island
of inversion
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The neutron-rich isotopes 58−63Cr were produced for the first time at the ISOLDE facility and
their masses were measured with the ISOLTRAP spectrometer. The new values are up to 300 times
more precise than those in the literature and indicate significantly different nuclear structure from
the new mass-surface trend. A gradual onset of deformation is found in this proton and neutron
mid-shell region, which is a gateway to the second island of inversion around N=40. In addition
to comparisons with density-functional theory and large-scale shell-model calculations, we present
predictions from the valence-space formulation of the ab initio in-medium similarity renormalization
group, the first such results for open-shell chromium isotopes.
PACS numbers: 82.80.Qx, 82.80.Rt, 21.10.Dr, 21.60.Cs
Over the last few decades, the stability of proton and
neutron “magic” numbers has been a major focus of ex-
perimental nuclear physics. Early momentum came from
the vanishing of the N=20 shell closure near 32Mg in
mass measurements [1] from which arose the idea of the
“island of inversion”.
Extensive effort has followed to examine the classi-
cal signatures for magicity in exotic nuclei (e.g empiri-
cal shell gap or the energy of the first excited 2+1 state).
More than three decades later, the robustness of all ma-
jor shell closures has been assessed [2]. Along the way,
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a number of subshells (e.g. N=40 in 68Ni [3] or N=32,
34 in 52,54Ca [4, 5]) have even been shown to exhibit lo-
calised magic-like behaviour.
Recent developments have revealed the importance
of a more comprehensive approach to the study of nu-
clear structure. The example of 52Ca is telling : while
the relatively large E(2+1 ) [6] and large empirical shell
gap [5] indicate doubly magic character, recent high-
resolution measurements of the electromagnetic moments
and mean-squared charge radius [7] do not. However, the
question of declaring 52Ca “magic” or not is less impor-
tant than the rather peculiar combination of ground state
properties which makes this nucleus a real challenge for
theory.
With hints of a shell closure in 68Ni and 52,54Ca and
a variety of phenomena in between, this region between
the magic proton numbers 20 and 28 is the perfect play-
ground to benchmark rapidly developing ab initio ap-
proaches, which have now reached Z=50 [8]. More signif-
icantly, this region marks the frontier of what is straight-
forwardly accessible to these methods [9] and large-scale
shell-model calculations [10, 11].
Unfortunately, the majority of observables currently
available in the region is limited to excited states and
2transition probabilities, especially for the chromium iso-
topic chain which lies right in the middle. Similar to
the N=20 island of inversion, the properties of excited
states along the N=40 isotones suggest a rapid devel-
opment of collectivity from a doubly magic 68Ni [3], to
a transitional 66Fe [12] and finally a strongly deformed
64Cr [13–16]. Additionally, dominant collective behavior
appears to persist past N=40 [17] possibly merging the
N=40 island of inversion with a region of deformation in
the vicinity of 78Ni [18].
Below 68Ni, high-precision mass spectrometry studies
have reached down as far as the manganese chain [19,
20], while laser-spectroscopy information is only available
for the manganese isotopes [21–23]. Time-of-flight mass
measurement results in the atomic mass evaluation 2016
[24] suggest a sudden onset of deformation towardsN=40
in the chromium chain. However, the data are not precise
enough to draw reliable nuclear-structure conclusions.
The need for accurate and precise mass values of
neutron-rich chromium isotopes is also of interest in the
field of astrophysics. Neutron-rich chromium masses can
play an important role in the cooling and heating of the
crust of accreted neutron stars possibly impacting the as-
sociated astrophysical observables. Indeed, the electron-
capture sequence 64Cr→64V→64Ti was shown to be the
main heating source in the lower layers of the outer crust
[25, 26]. Additionally, nuclides in regions of strong defor-
mation, such as 59Cr and 63Cr, were shown [27] to allow
for strong Urca cooling [28] cycles.
In this Letter, we report the first precision measure-
ments of the ground-state binding energies of short-lived
neutron-rich chromium isotopes. Our results are com-
pared to all major families of nuclear models, includ-
ing density functional theory and large-scale shell model,
based on the LNPS interaction as well as ab initio cal-
culations from the recently developed nucleus-dependent
valence-space formulation of the in-medium similarity
renormalization group (VS-IMSRG) [29].
The chromium isotopes measured in this work were
produced at the ISOLDE/CERN [30] radioactive ion
beam facility as fission products from the interaction of
a 1.4-GeV proton beam impinging on a thick UCx tar-
get. The target was heated to enable the species of in-
terest to diffuse into a dedicated ionization region. For
the first time at an ISOL facility, chromium ion beams
were produced by a resonance ionization laser ion source
(RILIS) [31]. A three-step scheme was developed, the
details of which can be found in [32]. The chromium ions
were transported to the ISOLTRAP setup [33, 34], at a
kinetic energy of 30 keV, via the High-Resolution Separa-
tor (HRS) magnets of the ISOLDE facility. Ions were ac-
cumulated in a linear radio-frequency quadrupole cooler
and buncher for 10 ms [35]. The resulting ion bunches
were subsequently decelerated by a pulsed drift cavity to
an energy of 3.2 keV before being injected into a multi-
reflection time-of-flight mass separator (MR-ToF MS)
[36]. Inside the MR-ToF MS, the ion bunch underwent
typically 1000 revolutions between two electrostatic mir-
rors separating the isobaric constituents of the bunch. In
this work, the molecular contaminants CaF+ and TiO+
were predominant in the ISOLDE beam. To provide the
subsequent Penning traps with purified beams the ejec-
tion timing of the MR-ToF MS was optimized to sup-
press contamination [37]. After cooling inside a prepara-
tion Penning trap [38], the chromium ions were delivered
to ISOLTRAP’s precision Penning trap where the mass
measurements were carried out.
-30 -20 -10 0 10 20 30
220
240
260
280
300
320
340
360
380
400 62Cr+
m
ea
n 
tim
e 
of
 fl
ig
ht
 (
s)
excitation frequency - 1469863.0822 (Hz)
19.1150 19.1160 19.1170 19.1180
1
10
100
1000
C
ou
nt
s (
/1
ns
)
63Cr+
44Ti19F+
44Ca19F+
47Ti16O+
time of flight (ms)
Figure 1: (Color online)Top: A typical ToF-ICR resonance of
62Cr+ ions using a Ramsey-type excitation scheme (10 ms-80
ms-10 ms [39]). The line represents a fit to the data points.
Bottom: Number of events as a function of flight time after
1000 revolutions of the A =63 ISOLDE beam inside the MR-
ToF MS.
The mass determination relies on the measurement of
the cyclotron frequency νc = qB/(2pim) of an ion with
mass m and charge q in a magnetic field of strength B.
Before and after each measurement of chromium ions, the
cyclotron frequency of a reference ion was determined. In
this experiment, 85Rb+ ions provided by ISOLTRAP’s
offline ion source were used. The masses of 58−62Cr were
measured using the ToF-ICR technique, both in the one-
pulse excitation [41] and two-pulse Ramsey excitation
scheme [39] (upper panel of Figure 1).
In the case of 63Cr, the production yield was so low
that the mass determination could only be performed us-
ing ISOLTRAP’s MR-ToF MS as a mass spectrometer.
The ions’ time of flight was recorded with an electron
multiplier placed behind the MR-ToF MS. The relation-
3Table I: Frequency ratios (r = νc,ref/νc), time-of-flight ratios (CToF ) and mass excesses of the chromium isotopes measured in
this work. Values of the mass excesses from the Atomic-Mass Evaluation 2016 (AME2016) [24] are given for comparison. The
masses of the reference ions were also taken from AME2016. Experimental half-lives are from [40]. The yields correspond to
the number of chromium ions per second delivered by the ISOLDE facility. The total transport efficiency of the experiment
was estimated to be 0.5% behind the MR-ToF MS.The average proton current on target was 1.8µA.
Mass Excess (keV)
Ion Yield (Ions/s) Half-life Reference Ratio r or CToF New AME16
58Cra Not determined 7.0(0.3) s 85Rb r = 0.6824024142(376) -51 991.8(3.0) -51 991.8(1.5)
59Cr 3× 105 1050(90) ms
85Rb r = 0.6942284208(85) -48 115.9(0.7)
-48 090(220)
40Ca19F/85Rb CToF = 0.500536923(887) -48 132(20)
60Cr 2× 104 490(10) ms
85Rb r = 0.7060206906(138) -46 908.5(1.1)
-46 670(190)
41Ca19F/85Rb CToF = 0.500484920(886) -46 917(19)
61Cr 2× 103 243(9) ms
85Rb r = 0.7178534753(230) -42 496.5(1.8)
-42 480(100)
42Ca19F/85Rb CToF = 0.500120578(956) -42 503(20)
62Cr 3× 102 206(12) ms
85Rb r = 0.7296512630(440) -40 852.6(3.5)
-40 890(150)
43Ca19F/85Rb CToF = 0.500047948(922) -40 841(18)
63Cr 3× 101 129(2) ms 44Ca19F/85Rb CToF = 0.49964187(386) -36 178(73) -36 010(360)
aMass value included in the 2016 mass evaluation as a private communication.
ship between a singly charged ion’s flight time t and its
mass m is given by t = a × (m)1/2 + b. The parameters
a and b can be determined by measuring the flight times
t1,2 of reference ions with well-known massesm1,2 follow-
ing the same number of laps in the MR-ToF MS as the
ion of interest. The mass of the ion of interest is then
determined as [5] :
√
m = CToF × (
√
m1−
√
m2) + 0.5×
(
√
m1 +
√
m2), where CToF = (2t− t1 − t2)/[2(t1 − t2)].
In the present work the masses of 59−63Cr were deter-
mined in this fashion. Each time-of-flight spectrum was
calibrated using the isobaric CaF+ ions and offline 85Rb+
ions which were measured after the same number of rev-
olutions inside the MR-ToF device. An example of a
time-of-flight spectrum is presented in the bottom panel
of Figure 1.
Due to the low statistics encountered in some spectra
the analysis was performed in all cases using the binned
maximum likelihood method assuming a Gaussian peak
shape. In total ∼ 2000 63Cr ions were recorded over
7 spectra, some containing as few as 90 counts. Typi-
cally 1000 revolutions inside the MR-ToF MS were used
but with some variations (900-1200). The chromium-ion
peak was identified unambiguously by blocking the first
step of the RILIS scheme. Isobaric references were iden-
tified by the measurement of their cyclotron frequencies
in the precision Penning trap. In all cases, the contri-
bution associated with the offline species to the statis-
tical uncertainty was evaluated to be more than three
orders of magnitude smaller than that associated with
the online species. As a result, effects related to rela-
tive time-of-flight fluctuations between offline and online
species are by far below the current statistical precision of
the measurements. Nonetheless, to keep these effects un-
der control, an offline reference spectrum was measured
shortly before the acquisition of every single online spec-
trum. The asymmetries of the peak were taken into ac-
count on a case-by-case basis by evaluating the influence
of the range on the fit results. Systematic contributions
to the CToF uncertainty were evaluated from on-line data
to be 0.87×10−6. An additional systematic uncertainty
accounting for possible time-of-flight drifts arising from
coulomb interaction between reference species and ions of
interest was found to only play a significant role for 63Cr,
for which an additional CToF uncertainty of 3.74×10−6
was added in quadrature. The final frequency and/or
time-of-flight ratios, as well as their associated uncertain-
ties corresponding to one standard deviation, are listed
in Table I. The mass excesses of 59−62Cr determined with
the MR-ToF MS agree within their uncertainties with the
values from the well-established ToF-ICR technique.
Figure 2 shows the two-neutron separation energies,
defined as S2n(N,Z) = ME(N − 2, Z) −ME(N,Z) +
2Mn, for the region of interest where ME(N,Z) rep-
resents the mass excess of an isotope with N neutrons
and Z protons and Mn is the neutron mass excess. The
AME2012 [42] suggests the presence of a kink at N=38
in the S2n trend. The trend obtained in this work shows
a markedly different behaviour. It appears very smooth
with an upward curvature when approaching N=40, sug-
gesting that an onset of collectivity is visible in the
ground state of neutron-rich Cr isotopes. The trend of
S2n observed closely resembles that of Mg in the original
island of inversion from N=14 to 20, shown in the upper
panel of Figure 3.
4Figure 2: (Color online)Top: The S2n trend for Cr from
AME2016 [24] is decomposed between the results compiled
in the 2012 mass evaluation [42] and recent results from the
S800 spectrometer at the NSCL [25]. Bottom: The trend of
δ∗2n(N,Z) for the ground and 2
+
1 excited states [13, 17] in the
Cr and Fe chains.
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Figure 3: (Color online)Top: Two neutron-separation ener-
gies of the Mg chain [24].Bottom: Comparison between the
experimental S2n values for the chromium isotopes and pre-
dictions from various nuclear models. For shell-model Hamil-
tonians, the corresponding neutron valence space is indicated
in brackets.
To quantify the S2n trend, the lower panel of
Fig. 2 shows the quantity δ∗2n(N,Z) = S2n(N −
2, Z)–S2n(N,Z). A low value of δ
∗
2n marks a flatten-
ing of S2n so the reduction of δ
∗
2n is usually associated
with an increase of collectivity by a gain in correlation
energy [43]. The δ∗2n is plotted both for the ground and
2+ states of the Fe and Cr isotopes. One notices that
for N > 36 the δ∗2n values of Cr (both ground and 2
+
state) are smaller than the ones of Fe isotopes, meaning a
stronger flattening of S2n and a faster correlation-energy
gain. The values of ground and 2+ states for each isotopic
chain are relatively close, but at the onset of collectivity
observed in the E2+1 trends (N = 36 for Cr and N = 38
for Fe [13]), the ground-state δ∗2n is higher, illustrating a
slower gain in correlation energy.
S2n trends obtained from different theoretical ap-
proaches are presented in the lower panel of Figure
3. Mean-field calculations of even-even and odd-even
chromium isotopes were performed using the UNDEF0
energy-density functional [44]. The HFBTHO code,
which solves the HFB equations enforcing axial symme-
try [45], was used. The odd-N isotopes were computed
performing quasi-particle blocking within the so-called
equal-filling approximation [46]. The Lipkin-Nogami
prescription was used for approximate particle-number
restoration. The UNEDF0 predictions are in very good
quantitative agreement for N > 33. Additionally, axial
deformation quadrupole moment-constrained HFB cal-
culations were performed for the even-N chromium iso-
topes. Our calculations predict a spherical ground-state
for 64Cr and show the development of static deforma-
tion starting only at 68Cr (β ≈ 0.2). This is consistent
with previous predictions using the Gogny D1S func-
tional [47, 48] where the importance of beyond-mean-
field approaches to adequately describe collectivity in the
chromium chain was highlighted.
The traditional approach of the nuclear configuration
interaction treats the dynamics of valence particles out-
side an inert core using a phenomenological Hamilto-
nian optimized to a specific valence space. This ap-
proach can access many of observables and is applicable
far from closed shells, provided the diagonalization re-
mains computationally tractable. In the phenomenolog-
ical shell model, the interplay between the central field
and the tensor component of the nuclear interaction was
proposed to be responsible for the shell-evolution phe-
nomenon [49–51]. A reduction of the associated spherical
shell gaps may give rise to a deformed ground state pro-
vided that correlations are sufficient to energetically fa-
vor an intruder state. The marked discrepancy between
the S2n trend obtained in this work and the one pre-
dicted using the GXPF1A phenomenological interaction
[10] highlights the need to include the d5/2 and g9/2 or-
bitals in the valence space in order to reach agreement
between theory and experiment. The LNPS interaction
[11] was derived specifically to correct for this deficiency.
5The valence space adopted is therefore based on a 48Ca
core and includes the full pf shell for protons and the
neutron pf5/2g9/2d5/2 orbitals [11]. LNPS
′ is a version
in which the global monopole term was made 30 keV
more attractive in order to reproduce the S2n trend ob-
tained in Ref. [25]. Nonetheless, the LNPS′ trend shows
a systematic over-estimation of the S2n values of almost
1 MeV compared to the present work.
We have also performed ab initio calculations using
the VS-IMSRG [29, 52–55], which allow us to test nuclear
forces in fully open-shell systems. With four protons out-
side the nearest closed shell the chromium isotopes are
currently beyond the reach of other large-space ab initio
methods. We start from the 1.8/2.0 (EM) NN+3N inter-
actions developed in Refs. [55, 56], which reproduce well
ground-state properties of nuclei throughout the sd and
pf regions [7, 55, 57, 58]. Unless specified, details of the
calculations are the same as those given in Ref. [55]. We
then use the Magnus formulation of the IMSRG [59, 60]
to decouple the 40Ca core as well as a pf -shell valence
space Hamiltonian. With the ensemble-normal ordering
introduced in Ref. [29], we include effects of 3N forces
between valence nucleons, such that a different valence
space Hamiltonian is constructed specifically for each nu-
cleus. The final diagonalization was performed using the
NuShellX@MSU shell-model code [61]. The lower panel
of Figure 3 shows the S2n derived within this framework.
A marked discrepancy between the theoretical and
experimental trends obtained in this work is observed
starting at N > 35. It is worth noting that the VS-
IMSRG trend closely resembles that obtained with the
phenomenological GXPF1A interaction, hinting that the
VS-IMSRG interaction is missing the same degrees of
freedom for describing the physics in the region. To
investigate this possibility, we have extended the VS-
IMSRG for the first time to allow for mixed-parity va-
lence spaces. As in the LNPS interaction, by excluding
the neutron f7/2 orbital, we are then able to include the
neutron g9/2 orbital in the valence space. Unfortunately,
we see that the addition of the g9/2 orbital does not signif-
icantly improve the calculations. An attempt to include
the neutron d5/2 orbital was made. However, the dra-
matic increase in dimension is such that above 60Cr the
calculation becomes intractable. Nonetheless, the calcu-
lation for 60Cr shows that the additional neutron d5/2
orbital is occupied at ∼2%, a value similar to the one
obtained for the LNPS interaction and in Gogny D1S
calculations [62]. The improvement of S2n was only of
around 100 keV, insufficient to correct the discrepancy
observed in Fig. 3. Consequently, the absence of the
d5/2 orbital cannot alone be responsible for the observed
discrepancy at and beyond A=60. Difficulty in capturing
deformation in the VS-IMSRG calculations is only now
being explored, but likely originates in neglected three- or
higher-body operators, the physics of which is not built
into the valence-space Hamiltonian [63]. Work in this
direction is currently in progress.
In conclusion, benefiting from the laser-ionized
chromium ion beam developed at the ISOLDE facil-
ity for this experiment, the masses of the neutron-rich
isotopes 58−63Cr were measured using precision mass-
spectrometry techniques. The present mass values are a
factor of up to 300 times more precise than the ones in the
literature thus greatly refining our knowledge of the mass
surface in the vicinity of N=40. We exclude a sudden
onset of deformation showing rather a gradual enhance-
ment of ground-state collectivity in the chromium chain.
We illustrate that, in the region of enhanced collectivity,
the gain in binding per added neutron is more significant
in the Cr chain than in the Fe chain and slightly more
pronounced in the excited 2+ states. The evolution of
the S2n trend is well reproduced by both the UNEDF0
density functional and the LNPS′ phenomenological shell
model interaction. For the first time, we apply the ab
initio VS-IMSRG to open-shell chromium isotopes, ex-
ploring extensions to mixed-parity valence spaces. The
precise data thus provide important constraints to guide
the ongoing development of ab initio approaches to nu-
clear structure.
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